Ytterbium ͑Yb͒ silicide is a promising contact material due to its low contact resistance and small Schottky barrier height in contact with n-type Si. However, as one of the rare earth metals, Yb is easily oxidized during physical vapor deposition and rapid thermal annealing. In this article, a bilayered Ti/ TiN cap is proposed and demonstrated to effectively suppress oxidation during Yb silicidation. The authors' results reveal that diffusion of Ti atoms in the TiN layer plays a key role in oxidation suppression.
I. INTRODUCTION
Rare earth ͑RE͒ silicides are promising contact materials in conventional n-channel metal-oxide-semiconductor field effect transistors ͑FETs͒ and n-channel Schottky barrier source/drain FET on account of their low contact resistance, high drive current, and low Schottky barrier heights ͑SBHs͒ in contact with n-type Si.
1-4 Among RE silicides such as ErSi 2−x , TbSi 2−x , DySi 2−x , etc., ytterbium ͑Yb͒ silicides were recently reported to have the most favorable characteristics for low SBH applications. 5 However, Yb is very reactive and can be easily oxidized during physical vapor deposition ͑PVD͒ and rapid thermal annealing ͑RTA͒. To avoid oxidation, ultrahigh vacuum deposition, 6 RTA in vacuum, 7 annealing under nonreactive gas, 5 or the use of capping layers such as Si, 6 Pt, 8 W, 9 and HfN ͑Ref. 5͒ has been reported in previous studies. To better implement YbSi 2−x into current semiconductor processes, we propose the use of a bilayered Ti/ TiN cap for Yb silicidation. Our results demonstrate that the bilayered Ti/ TiN capping is an effective way to suppress oxidation of Yb during silicide formation in conventional PVD and RTA.
II. EXPERIMENTAL DETAILS
After standard RCA cleaning with diluted HF as the last dip, p-type Si ͑001͒ wafers with resistivity of 4 -8 ⍀ cm were immediately loaded into a Balzers PVD system with a base pressure lower than 2 ϫ 10 −5 Pa. Different film stacks of Yb/ p-Si, Ti/ Yb/ p-Si, TiN / Yb/ p-Si, and Ti/ TiN / Yb/ p-Si were prepared on blanket Si substrates at a pressure of 5 ϫ 10 −1 Pa. After deposition, the samples were annealed ex situ in a lamp-based RTA system at temperatures ranging from 400 to 800°C with a soaking time of 60 s. The annealing ambient was high-purity N 2 . After silicidation, the capping layers ͑Ti, TiN, or Ti/ TiN͒ and unreacted Yb were selectively wet etched in a mixture of sulfuric acid and hydrogen peroxide ͑henceforth referred to as SPM-H 2 SO 4 : H 2 O 2 =2:1 at 100°C͒. X-ray diffraction ͑XRD͒ was employed to identify the phases and scanning electron microscopy ͑SEM͒ was used to examine the surface morphology. X-ray photoelectron spectroscopy ͑XPS͒ was used to determine the elemental depth profiles.
III. RESULTS
As shown in Fig. 1 , the XRD results acquired from Yb ͑15 nm͒ / p-Si ͑001͒ show the formation of YbSi 2−x after 500°C/60 s annealing. At the same time, a significant amount of Yb 2 O 3 is also observed after annealing at temperature as low as 400°C. Moreover, the formation of YbO x ͑YbO, Yb 3 O 4 , and Yb 2 O 3 ͒ is disclosed by XRD even in the as-deposited sample. Yb oxides are known to severely degrade the electrical characteristics of YbSi 2−x as a source/ drain contact material and so it is necessary to suppress oxidation.
TiN is employed as a capping layer and its effect on the formation of Yb silicide is shown in Fig. 2͑a͒ . Although the formation of Yb oxides is still detected at all annealing temperatures, unlike the uncapped films in Fig. 1 , there is no significant increase in the Yb oxide-related diffraction peaks as the annealing temperature is increased. Moreover, with a very smooth golden surface, the TiN cap remains stable even after 800°C annealing, as shown by the XRD results displayed in Fig. 2͑a͒ . Hence, TiN is a thermally stable capping material and can protect the underlying Yb film from possible oxygen contamination during RTA. However, the existence of stable Yb oxides demonstrates that the TiN cap has no significant influence on oxidation suppression in the asdeposited film. a͒ Electronic mail: yljiang@fudan.edu.cn Different from TiN, a Ti cap can more effectively reduce native oxides in contacts because of the high solubility of oxygen in Ti ͑34 at. % at 700°C͒. [10] [11] [12] [13] [14] As shown in Fig.  2͑b͒ , the presence of a Ti cap has a beneficial effect on Yb silicide formation. With Ti capping, Yb oxides cannot be detected after annealing between 500 and 700°C. However, XRD shows that Ti silicide ͑Ti 5 Si 4 ͒ forms after 500°C annealing and a degraded film surface is observed by SEM, as shown in the inset of Fig. 2͑a͒ .
In order to combine the advantages of Ti capping and TiN capping, a bilayered cap of Ti/ TiN is proposed here. Figure  3͑a͒ shows the XRD results of the Ti ͑20 nm͒ / TiN ͑80 nm͒ /Yb ͑15 nm͒ / p-Si ͑001͒ stack after annealing. Although Yb oxides can still be detected in the as-deposited sample, Yb oxide and Ti silicide cannot be observed after annealing between 500 and 800°C. After annealing, all samples were selectively etched in the SPM solution ͑H 2 SO 4 : H 2 O 2 =2:1 at 100°C͒ and Fig. 3͑b͒ shows the corresponding XRD results after etching, which clearly reveals the effective oxidation suppression.
IV. DISCUSSION
To investigate the role of the Ti layer in the bilayered Ti/ TiN cap, the TiN ͑40 nm͒ / p-Si ͑001͒ and Ti ͑40 nm͒ / TiN ͑40 nm͒ / p-Si ͑001͒ stacks were annealed and analyzed by XRD, as shown in Fig. 4 . The single TiN film on Si is thermally stable and no Ti silicide is formed even after annealing at 800°C, as shown in Fig. 4͑a͒ . After etching in SPM ͑H 2 SO 4 : H 2 O 2 =2:1 at 100°C͒, TiN was removed and only the Si substrate can be detected by XRD in Fig. 4͑b͒ . However, with regard to the Ti ͑40 nm͒ / TiN ͑40 nm͒ / p-Si ͑001͒ stack, Ti silicide is formed after annealing at 800°C, as indicated in Figs. 4͑c͒ and 4͑d͒ . Therefore, the oxidation suppression effect of the Ti/ TiN bilayer must be attributed to the diffusion of Ti atoms in TiN. Our results are also consistent with those reported by Liu et al. who have shown that Ti atoms can diffuse through TiN grain boundaries in chemicalvapor-deposited Ti/ TiN multistacks. 15 In order to elucidate the diffusion behavior of the Ti atoms, XPS depth profiling was conducted on the as-deposited Ti ͑20 nm͒ / TiN ͑80 nm͒ /Yb ͑15 nm͒ / p-Si ͑001͒ stack and the stack after 700°C/60 s RTA as, respectively, shown in Fig. 5͑a͒ and 5͑b͒ . As can be seen in Figs. 5͑a͒ and 5͑b͒ , after annealing the Ti atoms in the top layer diffuse into the TiN layer leading to an almost uniform Ti distribution. Figure  5͑c͒ shows the XPS montage spectra of Ti acquired at sputtering times between 5 and 46 min. The spectra correspond to the region from the top surface to the interface of the YbSi 2−x / Si substrate. Ti peaks in TiN ͑455 eV binding energy corresponding to Ti2p 3/2 in TiN and 461 eV binding energy corresponding to Ti2p 1/2 in TiN͒ are revealed. 16 Figure 5͑c͒ also shows that at sputtering times from 6 to 37 min, the Ti peak areas are almost identical. This indicates that the absolute concentration of Ti in the whole capping layer is uniform. Therefore, there are two processes governing Ti atoms diffusing from the top layer during annealing. The first one is that Ti atoms react with oxygen and nitrogen to form Ti oxides and nitrides in the top layer, as shown in Fig. 5͑b͒ ͑between sputtering times of 6 and 10 min͒. The second process is that some Ti atoms can diffuse into the TiN layer and dissolve oxygen due to the high affinity between Ti and O. [10] [11] [12] Similar to the effects of Ti-rich TiN capping on oxidation suppression in CoSi 2 , 17 the high solubility of oxygen in Ti ͑34 at. % at 700°C͒ ͑Refs. 10-14͒ may getter the oxygen in the Yb layer into the TiN layer and, consequently, oxidation of Yb during silicidation is suppressed. After annealing, the dissolved O can react with Ti and form TiO during the cooling process. This is also the reason why oxygen is still observed in the TiN layer in the XPS depth profiles between sputtering times of 11 and 37 min as indicated in Fig. 5͑b͒ . However, the binding energy of Ti2p 3/2 in TiO is 455.3 eV, 16 which is very close to the binding energy of Ti2p 3/2 in TiN ͑455 eV͒. 16 Hence, if the TiN layer contains a limited amount of TiO, the Ti2p 3/2 peak in TiO will overlap the Ti2p 3/2 peak in TiN, resulting in the formation of a weak shoulder in the Ti2p 3/2 peak in TiN. As shown in Fig. 5͑d͒ , a small shoulder exists on the right side of the Ti2p 3/2 peak ͑455 eV͒ indicating that Ti reacts with oxygen to form Ti-O. In comparison with a single Ti capping layer which is in direct contact with Yb, although Ti atoms can diffuse into the TiN layer in the bilayered Ti/ TiN stack, the number of diffused Ti atoms is limited especially when a thick TiN layer is in place. This is the reason why the formation of Ti silicide is mitigated in the Ti ͑20 nm͒ / TiN ͑80 nm͒ stack.
V. CONCLUSIONS
In this article, a bilayered Ti/ TiN capping is proposed and demonstrated to be very effective to suppress oxygen contamination and to allow the formation of Yb silicide using conventional PVD and RTA systems. It is revealed that the diffusion of Ti into TiN layer plays the key role for oxidation suppression. It is also found that neither a single Ti capping nor a single TiN capping can be used for the successful preparation of Yb silicide in conventional PVD and RTA systems. 
